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ABSTRACT
Assessment of the compressibility of marinemammal airways at depth
is crucial to understanding vital physiological processes such as gas
exchange during diving. Very few studies have directly assessed
changes in cetacean and pinniped tracheobronchial shape, and none
have quantified changes in volumewith increasing pressure. A harbor
seal, gray seal, harp seal, harbor porpoise and common dolphin
were imaged promptly post mortem via computed tomography in a
radiolucent hyperbaric chamber. Volume reconstructions were
performed of segments of the trachea and bronchi of the pinnipeds
and bronchi of the cetaceans for each pressure treatment. All
specimens examined demonstrated significant decreases in airway
volume with increasing pressure, with those of the harbor seal and
common dolphin nearing complete collapse at the highest pressures.
The common dolphin bronchi demonstrated distinctly different
compression dynamics between 50% and 100% lung inflation
treatments, indicating the importance of air in maintaining patent
airways, and collapse occurred caudally to cranially in the 50%
treatment. Dynamics of the harbor seal andgrayseal airways indicated
that the trachea was less compliant than the bronchi. These findings
indicate potential species-specific variability in airway compliance,
and cessation of gas exchangemayoccurat greater depths than those
predicted in models assuming rigid airways. This may potentially
increase the likelihood of decompression sickness in these animals
during diving.
KEY WORDS: Computed tomography, Marine mammal, Trachea,
Bronchi, Airway compression
INTRODUCTION
Diving marine mammals face numerous environmental challenges,
including pressure gradients during diving. Rather than rigidly resist
this pressure, the compliant ribcage structure of marine mammals
has been shown to compress with increasing pressure at depth
(Moore et al., 2011; Ridgway et al., 1969). How does the respiratory
tract respond to this compression? Scholander (1940) proposed that
alveoli collapse under pressure, channeling air from the alveolar gas
exchange surfaces to the more rigid upper airway structures such as
the trachea. Leith similarly suggested that the stiff cartilage-armored
airways of marine mammals may function as air-filled ‘reservoirs’
by receiving alveolar gas from the lungs at depth (Leith, 1989; Leith
et al., 1972). Compression of the lungs and alveolar collapse has
been shown to result in a pulmonary shunt (Kooyman and Sinnett,
1982; McDonald and Ponganis, 2012), halting gas exchange and
possibly reducing the likelihood of decompression sickness. This
‘balloon-pipe’ model has been used to model the theoretical depth
at which the alveoli collapse and the pulmonary shunt occurs
(Stephenson, 2005).
Alveolar compression and the depth at which gas exchange
ceases in cetaceans and pinnipeds has been more directly inferred
by a wide range of means, including blood and tissue N2 and O2
measurements (Kooyman et al., 1972; Kooyman and Sinnett, 1982;
McDonald and Ponganis, 2012; Ridgway and Howard, 1979).
Computed tomographic (CT) imaging of cetacean and pinniped
cadavers in a hyperbaric chamber has visually demonstrated the
voiding of air from the periphery of the lungs and their change
in volume at simulated depths (Moore et al., 2011). Fewer studies
have examined the degree of compression of the mainstem bronchi
and trachea at depth. Kooyman et al. (1970) measured the 2D
compression of the trachea and bronchi via radiograms in a
northern elephant seal (Mirounga angustirostris) and aWeddell seal
(Leptonychotes weddellii) maintained in pressure chambers. The
trachea was found to compress to less than half of normal diameter
in both animals within the dorsoventral plane at pressures of
31.6 atmosphere absolute (ata) (306 m), while the bronchi-
bronchioles demonstrated no appreciable change in their diameter
(Kooyman et al., 1970).
Anatomical studyof the airways reveals awide range of architectural
elements suggestive of varying degrees of compressibility.
The cetacean tracheobronchial tree is characterized by a very
short, wide trachea featuring extensive venous vasculature within
the submucosa (vascular lacunae), and continuous spiraling tracheal
rings (Fig. 1A) (Ballarin et al., 2018; Cozzi et al., 2005;Moore et al.,
2014). Cetacean right and left lungs are unilobular; a prominent
right tracheal bronchus branches into the right lung, and the two
large tapering primary bronchi give rise to dorsal, lateral and medial
branches along their length that further ramify into the lung tissue
(Fig. 1A) (Kida, 1990; Nakakuki, 1994). In contrast, the pinniped
tracheobronchial tree begins with a longer trachea lacking the
lacunae and consisting of a variety of continuous and discontinuous
tracheal ring configurations (Fig. 1B) (Kooyman and Andersen,
1969; Moore et al., 2014; Tarasoff and Kooyman, 1973). Pinniped
lungs are divided into cranial, middle and caudal, and accessory
lobes, and like many terrestrial animals the primary bronchi
bifurcate into lobar branches corresponding to these divisions
(Fig. 1B) (Laakkonen and Jernvall, 2016; Tarasoff and Kooyman,
1973).
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of alveolar collapse, and gas exchange dynamics. If the trachea is
compressible, models predict that the depth of alveolar collapse will
be greater than if the trachea was a rigid pipe (Bostrom et al., 2008),
which will have a major effect on blood and tissue gas tensions
(Fahlman et al., 2009, 2018; Hodanbosi et al., 2016). Increased gas
exchange at depth may increase the N2 blood and tissue tension,
supersaturation and the likelihood of bubble formation during
ascent (Hooker et al., 2009). Studies involving arterial O2
measurements in sea lions indicate that gas exchange is still
occurring at depths below which the alveoli have previously been
estimated to collapse (McDonald and Ponganis, 2012; Tift et al.,
2017). To improve our understanding of gas exchange, and the
potential cardio-respiratory limitations while diving, there is
therefore a need to more clearly establish the extent of tracheal
and bronchial compression during thoracic compression at depth.
The most direct methods to establish such potential changes are
through cross-sectional imaging methods such as CT and magnetic
resonance imaging. The primary objectives of this study were
therefore to (1) identify via CT data whether there are volume
changes within the trachea and bronchi of five deceased marine
mammal species under varying pressures, and (2) quantify these
changes via CT volume rendering techniques for comparison
across species.
MATERIALS AND METHODS
This study utilized CT data obtained frommarine mammal cadavers
in a radiolucent hyperbaric chamber as previously described in
Moore et al. (2011). A gray seal [Halichoerus grypus (Fabricius)],
harbor seal (Phoca vitulina Linnaeus) and harp seal (Pagophilus
groenlandicus Erxleben), which were all drowned in fishing nets, as
well as a harbor porpoise [Phocoena phocoena (Linnaeus)] and a
common dolphin (Delphinus delphis Linnaeus) both found beached
and freshly dead, were all transported to the laboratory. A summary
of all animals and pressure treatments used in this study can be
found in Table 1. Deceased animals were received under NOAA
permit no. 932-1905-00/MA-009526 if fishery bycaught, and under
a letter from the NOAA Greater Atlantic Regional Fisheries Office




















Fig. 1. Illustrations of cetacean and
pinniped tracheobronchial trees and
tracheal cross-sections. (A) Common
dolphin and (B) harbor seal. Note the
differences in tracheal proportions and
structure. The common dolphin features
multiple small dorsal, lateral and medial
branches of the mainstem bronchi serving
the unilobular right and left lungs, while the
harbor seal features lobar bronchial
branching representative of the distinct lung
lobes. acc, accessory bronchus; al,
accessory lobar bronchus; br, main stem
bronchus; cd, caudal lobar bronchus;
cr, cranial lobar bronchus; lac, vascular
lacunae; ln, larynx; md, middle lobar
bronchus; tr, trachea. Illustrations drawn by
M.D. from IFAW 10-065 Dd and DO 8811
computed tomography (CT) data.
Table 1. All specimens, air inflation treatments and depth treatments
Common name ID Sex Length (cm) Mass (kg) Source Lung inflation treatments (ml) Depth treatments (m)
Harp seal DO 5952 F 99 27.5 Bycaught 1200 (full) 0, 49.6, 93.7
Harbor seal DO 8811 F 104 25.6 Bycaught 600 (half) 0, 49.6, 97.8
Gray seal DO 8883 F 104 21.35 Bycaught 600 (half) 0, 24.8, 49.6
Harbor porpoise IFAW 10–049 Pp M 105 22.1 Single stranded 1800 (full), 900 (half) 0, 49.6, 97.84/95.77
Short-beaked common dolphin IFAW 10–065 Dd M 130 75.03 Mass stranded 3000 (full), 1500 (half) 0, 49.6, 93.7
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to the laboratory ranged from −3 to 1°C, and transport time did not
exceed 24 h. Upon arrival, the specimens were stored at 4°C until
each experiment began, less than 12 h after arrival at the laboratory.
No specimens were frozen. The trachea of each animal was
intubated with the endo-tracheal tube (ET) attached to a system of
3-way valves. A 3 l volumetric syringe (Series 5530, Hans-Rudolph
Inc., Shawnee, KS, USA) was connected to the valves, which
allowed inflation of the lungs at increments of 100 ml (see Moore
et al., 2011, for further details).
The total lung capacity (TLC) was evaluated for each specimen by
inflating the lungs of the intact specimen to a trans-thoracic pressure
(Ptp=Pair−Plung) of 30 cmH2O (Fahlman et al., 2011; Kooyman and
Sinnett, 1982). This non-standard estimate of TLC includes the
compliance of both the lung and the thorax; we also determined
the more standard estimate of TLC based on lungs excised from the
thoracic cavity. To separate the two, we call the former TLCtt, and
the latter TLCex, for trans-thoracic total lung capacity and excised
total lung capacity, respectively (see Table 2 for a summary of these
values and percentage change between them for each animal).
Hyperbaric experiments were subsequently performed by inflating
the lungs to 50% or 100% of TLCtt. For each experiment, the
specimenwas placed in sternal recumbency in the imaging portion of
the chamber. To secure the specimen in the chamber for avoidance of
specimen rotation and position changes as buoyancy decreased with
depth, suction cups were attached to the ventrum in multiple places
and the cups pressed on to the chamber wall. The chamber was filled
with water and all animals except for the gray seal were pressurized
to ca. 11 ata (1 ata=98.1 kPa=14.2 psi) and 6 ata, representing
simulated diving depths of ca. 100 m and 50 m, respectively. The
gray seal was pressurized to 6 ata and 3.5 ata, simulating diving
depths of circa 50 m and 25 m, respectively. Scans were made at
each of two pressures and also at 1 ata (0 psi), which represented the
surface. After each experiment was concluded, gross necropsy and
histological examinations were undertaken.
The current study utilized a subset of relative inflation volumes
for the cetaceans (50% and 100% of TLCtt), harp seal (100% of
TLCtt), and gray and harbor seals (50% of TLCtt). The remaining
scans were not utilized as body fluids within the airways obscured
their borders. A Somatom Volume Zoom 4-detector row multi-slice
scanner (Siemens Medical Solutions USA Inc., Malvern, PA, USA)
was used for all image acquisitions. All scans were performed using
a high exposure helical scan protocol of 800 (effective) mA and
140 kV with a 0.5 s rotation time with 6 mm thick slices, using a
5 mm collimator and a table pitch of 10 mm. Two sets of
reconstructions for each pressure were done at 6 mm intervals
using B30 (soft tissue) and B70 (bone/lung) algorithms. Following
each pressurization, the chamber was removed from the scanner
bed, drained and the end cap removed to gain access to the
endotracheal tube valve to adjust the lung inflation volume.
OsiriX Lite software was utilized to manually segment the lumen
of bronchial and tracheal sections on each scan slice, after which a
volume rendering was performed to calculate the luminal volume
measurement. Prior to segmentation, the viewing window was
adjusted to allow reliable airway visualization for all animals
throughout every pressure treatment (window level, WL: −148;
window width, WW: 1638; magnification 350×). All airway
luminal measurement borders were defined by the transition from
gas attenuation Hounsfield unit values to the soft tissue attenuation
Hounsfield unit values of the airway wall (mucosa); only the gas
components were segmented. Bronchial volumes were calculated
separately for the left and right by means of pre-determined start and
end points within the scans. Pre-processing evaluation of the scans
revealed the tendency of the entire bronchial tree to travel cranially
within the thoracic cavity under increasing pressure. As a result,
bony landmarks such as vertebral or rib count could not be used for
start and end points, as their relationships to the airways changed
between pressure treatments. Therefore, the start and end points for
segmentation and volume calculation were established by means of
branching patterns within the airways themselves. Considering the
differences in bronchial branching patterns between cetaceans and
pinnipeds, an approach was taken to measure the majority of the
large airway volume to provide functional units which could be
compared between species. In cetaceans, bronchial volumes were
measured from the tracheal bifurcation as a start point and through
the entire length of the primary bronchus, ending at the terminal
bifurcation of the primary bronchus as the end point. In pinnipeds,
bronchial volumes were measured from the tracheal bifurcation as
the start point to the end of the caudal secondary (lobar) bronchus as
the end point. This provided reliable measurement of most of the
large airway volume of the specimens.
Because of intubation of the relatively short cetacean trachea,
tracheal measurements unaffected by the presence of the ET tube
could not be achieved in the cetaceans. Pinniped tracheal
measurements were obtained distal to the tip of the ET tube.
Measurement of the seal tracheal volumes was complicated by the
apparent presence of body fluids within the lumen of the trachea.
Representative caudal segments that were not influenced by the
fluid content in every pressure treatment for a given individual were
identified and measured. All tracheal endpoints were determined by
starting at the tracheal bifurcation and measuring cranially to an
endpoint determined by a consistent number of CT slices
established for all pressure treatments of a given animal. This
segment represented the maximum amount of tracheal length, equal
throughout all pressure treatments, that was unaffected by the ET
tube or fluid infiltration in every treatment. In the harp, harbor and
gray seals, these segments were 2, 4 and 15 slices long, respectively.
Percentage change between volumes at the various pressures was
calculated via the following formula: [(current volume−volume at
0 kPa)/volume at 0 kPa]×100. Therefore, the two figures obtained
for the two pressurizations of a given treatment were calculated
as negative percentage changes, both relative to the volume at
the surface.
RESULTS
All tracheal and bronchial segments experienced decreases in
luminal volume with increasing pressure (Figs 2 and 3). The
common dolphin bronchi (full and half inflation treatments) and
harbor seal trachea and bronchi (half inflation treatment) exhibited
near-complete collapse at the highest simulated depth (common
dolphin: Figs 4A and 5). The bronchi of the harbor porpoise and
harp seal experienced significant decreases in volume, but remained
Table 2. Comparison of TLCex and TLCtt values for all specimens with
calculated percentage change
Common name TLCex (ml) TLCtt (ml) % Change
Harp seal 2848 1200 57.9
Harbor seal 2666 1200 55
Gray seal 2261 1200 46.9
Harbor porpoise 2329 1800 22.7
Short-beaked common dolphin 7168 3000 58.1
TLCex is defined by the following formula as derived via excised lung studies
(Kooyman,1973; Fahlman et al., 2011): 0.135×(animal mass in kg0.92). TLCtt is
defined as inflating the lungs of an intact cadaver to a trans-thoracic pressure
(Ptp=Pair−Plung) of 30 cmH2O.
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open at all pressures tested (harp seal: Fig. 4B). The common
dolphin displayed a differential in compression dynamics between
the inflation treatments. When the lungs were inflated with 3000 ml
of air (100% TLCtt ), the greatest percentage change in volume
occurred between simulated depths of 50 and 100 m, while at the
1500 ml inflation (50% TLCtt), the greatest percentage change
occurred between the surface and 50 m (Fig. 3A). The harbor
porpoise did not display these dynamics, showing the greatest
percentage change between the surface and 50 m, regardless of the
amount of air in the lungs (Fig. 3B). The gray and harbor seal
tracheas demonstrated a comparatively smaller percentage change
than the bronchi at depths from 0 to 50 m (Fig. 3C,E). The harp seal
trachea, in contrast, demonstrated a steeply linear percentage
decrease equivalent to that of the bronchi (Fig. 3D). Dorsoventral
compression was evidenced by visual narrowing and flattening of
the bronchial lumen. In the common dolphin half volume inflation
treatment, this occurred in a caudal to cranial order (Fig. 5B).
Craniocaudal compression was evidenced by a decrease in the
number of slices needed to reach the previously determined
endpoints (Fig. 6). The decrease of the airway volume in these
two planes was paralleled by compression of the lungs, the
proportions of which also decreased in the ventrodorsal and
craniocaudal directions (Fig. 6).
DISCUSSION
The airway dynamics observed in this study indicate that the trachea
and bronchi do not behave as rigid pipe-like structures. Rather, they
are flexible and compressible to varying degrees depending on the
species and the simulated diving lung volume. Furthermore, airways
in all animals examined demonstrated the ability to return to an open
position after compression, regardless of maximum compression
pressure or inflation treatment. These results stand in contrast to
the historic assumptions of airway dynamics (Scholander, 1940),
and support previous studies indicating compressible airways
(Kooyman et al., 1970, 1999; Moore et al., 2014). This suggests
that there may be significant differences in lung compression and
pulmonary shunt between species, which will affect tissue and














































































Fig. 2. Absolute airway volume plotted against simulated depth for all five specimens. (A) Common dolphin, (B) harbor porpoise, (C) gray seal, (D) harp seal
and (E) harbor seal. Here, 1 m of simulated depth represents 0.1 kPa of pressure exerted on the specimen. Each specimen experienced the depth
treatments once at each inflation treatment. Note the differential in compression dynamics between the 3000 ml and 1500 ml inflation treatments of the
common dolphin.
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Prior to considering the possible physiological implications of
these findings, it would be appropriate to discuss the relevant
limitations in experimental technique and data processing. General
differences between cetacean and pinniped airway proportions
and air management must then be considered, to place the findings
of this study in a taxa-relevant context. The airway compression
results of the cetaceans and pinnipeds will then be analyzed
separately. The unique physical properties and anatomy of the
cetacean trachea will first be described to establish the context for
the observed bronchial compression in the cetaceans. Comparison
of bronchial collapse in the cetaceans within the context of
inflation treatment and taxa-specific diving behavior will follow.
Finally, a possible interpretation for the sequence of bronchial
collapse for the common dolphin will be considered. As with the
cetaceans, pinniped airway anatomy will then be discussed in
the context of the dynamics of the tracheal and bronchial segments
for each pinniped specimen, and functional significance will be
proposed. Finally, some basic principles for future study of
species-specific airway compression dynamics in pinnipeds will be
suggested.
A limitation of this study was the 6 mm slice thickness of the
scans, which did not correct for distortion due to obliquity in
the volume measurements. As this obliquity remained consistent in
the scans, however, any error present should also be consistent and
should not affect the relative values of the measurements. We were
also limited by the presence of body fluids in the tracheal lumen,
which occurred in some specimens and for some lung inflations.
This reduced the number of available treatments that could be used
for this study as well as the ranges of the tracheal segments which
could be measured. The ET intubation further limited the range of
tracheal change that could be measured without interference.
We also acknowledge the limitations of cadaver-based studies
in inferring physiological principles. Most notable of these are
the decreases in compliance related to rigor mortis events in
postmortem tissues (Fitzgerald, 1975; Smith, 1939). While all
specimens could be reliably determined to be code 2 (freshly dead),
it is unlikely that the tissues had begun to decompose. Study of
postmortem gross and histologic characteristics of bycaught versus
stranded marine mammals indicates that acutely asphyxiated











































































Fig. 3. Airway volume percentage change plotted against simulated depth for all five specimens. (A) Common dolphin, (B) harbor porpoise, (C) gray seal,
(D) harp seal and (E) harbor seal. Here, 1 m of simulated depth represents 0.1 kPa of pressure exerted on the specimen. Each specimen experienced the
depth treatments once at each inflation treatment. Note the differential in compression dynamics between the 3000 ml and 1500 ml inflation treatments of the
common dolphin.
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froth or fluid in the lungs/airways in comparison to non-drowned
stranded animals (Bernaldo de Quirós et al., 2018).
TLC is usually estimated from excised tissues, but as we needed
the carcasses intact for this study, we could not determine the TLCex
before the experiment. We therefore estimated TLCtt, or the pressure
across the lung and the chest/thorax, which includes the compliance
of both structures and results in a smaller TLC than that predicted
from excised lungs. As a comparison, the lungs from all these
specimens were later excised and the TLCex determined, which
agreed well with the volume estimated from the equation:
TLCex=0.135×(mass in kg)
0.92 (Table 2) (Fahlman et al., 2011;
Kooyman, 1973). Thus, the TLCtt measurements, with the
exception of that for the harbor porpoise, are roughly half
the volume of the predicted TLCex. The smaller measurements in
the intact animals are due to the inward elastic recoil which resisted
the outward expansion of the lungs during inflation. This restrictive
effect could have varied in the cadavers as a result of different levels
of rigor mortis affecting decreases in compliance of the thoracic
cavity. The harbor porpoise showed the least percentage change
between calculated and measured TLC, with a value of 22.7%
(Table 2); this specimen may have been more compliant as a
consequence of a less advanced stage of the rigor mortis cycle in
comparison to other specimens. In summary, the overall decreased
compliance of the thoracic cavity in the cadavers may have resulted
in underestimated TLC readings and consequently inflation
treatments lower than the half and full TLC of a living animal.
The smaller TLCmeasurements utilized for this studymay therefore
more correctly represent trans-thoracic pressures of 30 cmH2O,
rather than pure trans-pulmonary pressures of 30 cmH2O, as a
component of this pressure is due to the compliance of the thoracic
cavity and not purely lung tissue. Alternatively, the predictions
based upon excised lungs represent effects in structures inflated
outside of their usual anatomical boundaries, which may result in
larger TLC volumes than those of an intact animal. The statistical
significance of pressure-related changes unfortunately could not be
evaluated in this study because of the small sample size, which
resulted from a limited availability of suitable specimens and
scanner costs. Regardless of these limitations, this study provides
an insight into the 3D structural characteristics of the air-filled
airways under pressure in situ, which expands past 2D tracheal
measurements (Kooyman et al., 1970), and studies of hyperbaric








Fig. 4. Compression in tracheal bifurcations under pressure. (A) Common
dolphin tracheal bifurcation (3000 ml of air in lungs, full lung volume treatment)
demonstrating dorsoventral compression of the bronchi and with increasing
simulated depth. (B) Harp seal tracheal bifurcation (1200 ml of air in lungs, full
lung volume treatment), demonstrating mild compression but not complete
collapse. Blue arrows indicate the location of the tracheal bifurcation; numbers








Fig. 5. Common dolphin tracheal bifurcation under pressure (1500 ml of
air in lungs). (A) Axial and (B) 3D dorsal sections. Blue arrows mark the
location of the tracheal bifurcation. Note the folding of the bronchi at the
tracheal bifurcation in the 49.6 m treatment, as well as the caudal to cranial
progression of collapse (B). Numbers indicate simulated depth in meters (m).
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Both pinnipeds and cetaceans must solve the problems inherent in
gas-filled airways during diving. While it was formerly believed that
cetaceans dive with air-filled lungs whereas phocid pinnipeds dive
after exhalation, it has been demonstrated that such reduction in
diving lung volume in phocids represents only 20% of TLC (Falke
et al., 2008). Species-specific differences in the morphology and
geometry of cetacean and pinniped upper and lower airways may play
a role in the importance of tracheal versus bronchial collapse and
management of this air under pressure. In cetaceans, the trachea is
broad but very short as a result of the truncated cervical structure,
whereas the pinnipeds maintain a comparatively long cervical
structure and tracheal length (Moore et al., 2014; Fig. 1). Therefore,
in pinnipeds, the anatomical dead space of the trachea is
proportionately larger than that of the main stem bronchi when
compared with cetaceans. A pinniped may therefore benefit from a
longer, potentiallymore rigid trachea receiving air from the collapsing
bronchial structure. In the cetacean, however, collapsing bronchi
would result in the rapid loss of the majority of anatomical dead space
proximal to the larynx. This would initially appear to result in a more
severe delay in voiding of air from the lungs in cetaceans as compared
with pinnipeds. However, odontocete cetaceans produce sound
within the upper respiratory tract by pneumatic means. During
sound production in delphinids, air is released from the lower airways
through the tubular larynx into the bony narial spaces of the skull.
This air is pressurized by piston-like actions of the larynx, and
metered by the nasal plugs to the sound-producing phonic lips in the
upper respiratory tract (Amundin andAndersen, 1983; Cranford et al.,
2011). Therefore, the complex upper respiratory tract of odontocetes
may represent an extension of dead space from the collapsing lower
airways. A question, therefore, is to what degree vocalization or other
‘shunting’ of air into the upper airways may ultimately assist in
voiding the lower airways of air in cetaceans. To continue vocalizing,
the compressed small volume of air in the upper respiratory tract
must be recycled (Amundin and Andersen, 1983; Dormer, 1979).
Odontocetes have been noted to vocalize differently at increasing
depth, indicating pressure-induced limitations of air management in
the nasal passages. Sperm whales (Physeter macrocephalus) have
been recorded to produce fewer clicks per block of click production at
greater depth, indicating an apparent need for more frequent recycling
of an increasingly small volume of compressed air (Wahlberg, 2002).
In situ resonance spectrophotography of diving short-finned pilot
whales (Globicephala macrorhynchus) has indicated that the amount
of air needed per click, while remaining a very small volume (50 µl at
500 m, 100 µl at 1000 m), may vary depending on depth (Foskolos
et al., 2019). Tonal sounds produced by delphinids, while more
pneumatically expensive than clicks, can be produced at depth with
unaffected frequency but decreased duration and output (Jensen et al.,
2011). Therefore, key components of odontocete nasal anatomy as
well as the lower airways are subject to pressure-induced functional
changes, and additional studies may further clarify the usage of air
within the cranial portion of the upper airway. The cetacean trachea
must remain open under diving pressures to permit the passage of air
into the upper respiratory tract from the lower airways. Study of the
excised delphinid trachea has indicated an increased degree of
stiffness that may assist in the maintenance of an open pathway
(Bagnoli et al., 2011; Cozzi et al., 2005). A variety of anatomical
and physiological aspects may enhance these properties in the
living animal.
The gross morphology of the cetacean trachea is markedly
different from that of terrestrial mammals as a result of the presence
of spiraling tracheal rings without m. trachealis (Fig. 1A) (Cozzi
et al., 2005). Furthermore, the cetacean trachea is distinguished from
that of other marine mammals by the presence of the prominent
submucosal lacunae, large venous spaces of vascularization
(Fig. 1A) (Cozzi et al., 2005). It has been hypothesized that
engorgement of these lacunae with blood may result in expansion of
the luminal wall inwards, resulting in a narrower lumen and thicker
tracheal walls. This flexible, expandable character of the cetacean
trachea could further assist in maintaining an open airway during
diving events (Ballarin et al., 2018). While this mechanism would
effectively reduce the volume of the tracheal lumen, it could
maintain an open path for air to void collapsing bronchial structures.
This study indicates that the cetacean bronchial structure exhibits
greater compliance in comparison to the hypothesized stiff tracheal
structure. Both cetacean species examined in this study exhibited
visibly compliant bronchi, with those of the common dolphin being
more compliant than those of the harbor porpoise. The larger
bronchial volumes at the fullest inflations in comparison to half
inflations at surface pressures for both cetaceans, as well as the
common dolphin’s variable collapse dynamics between inflation
treatments suggest that diving lung volume plays a key role in
maintaining maximum airway volume. It is worth noting that
compliance studies of excised cetacean tracheas have revealed that
common dolphin tracheas are more compliant during deflation than
inflation, while the opposite is true of harbor porpoises (Moore
et al., 2014). A reason for the apparent decreased compliance of the
harbor porpoise airways may be related to the degree of inflation;
if the calculated TLCex more closely relates to the TLC of a living
animal, the harbor porpoise’s fullest inflations were closer to this
than those of the common dolphin (Table 2). However, the
dynamics of the fullest inflation treatments of the common dolphin
are still markedly different from both the fullest and half inflations







Fig. 6. Sagittal views of the harbor porpoise left lung lobe (1800 ml in
lungs), illustrating craniocaudal as well as ventrodorsal compression.
The blue values in the bottom right corners of each image are the total
number of 6 mm CT slices needed to segment the bronchial volume within
the pre-determined endpoints, indicating that the bronchi compress in the
craniocaudal direction with the lungs. The black numbers indicate simulated
depth in meters (m).
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is correct, and the 100% TLCtt inflation treatments of the common
dolphin and harbor porpoise were respectively closer to half and full
TLC values of the living animals, we can then compare the 100%
TLCtt common dolphin and 50% TLCtt harbor porpoise treatments
with relevance. The common dolphin is still remarkable for its
increased airway compliance and near-complete collapse at the
highest pressures. Because of the small sample size, it is difficult to
infer whether the observed differential in bronchial compliance
between the two species represents a parallel species-specific
difference, but it is worthwhile to consider the physiological
consequences of such potential specialization. The harbor porpoise
is a shallow diving cetacean, with average dive depths not exceeding
30 m (Linnenschmidt et al., 2013). The common dolphin, in
contrast, is a moderately deep diver to average depths of over 60 m,
with one recorded depth reaching 257 m (Evans, 1971). The more
compliant bronchi in the common dolphin would initially appear
to be a liability for its deeper diving behavior, because of the
potentially slower voiding of air from the alveoli. It is worth
considering, however, what function these compliant bronchi may
fulfill once the air is voided from the alveoli. In the common dolphin
with a diving lung volume equal to the measured TLCtt (3000 ml), a
pressure equivalent to 50 m resulted in an equivalent percentage
decrease in volume in comparison to that for the harbor porpoise.
In the common dolphin diving at half the measured TLCtt
(1500 ml), a pressure equivalent of a dive depth of 50 m resulted
in a proportionally greater reduction of bronchial volume. This
consisted primarily of complete flattening of the caudal aspects of
the bronchi, while the tracheal bifurcation and a portion of the
cranial primary bronchi remained partially open.
The question is raised whether a caudal to cranial collapse
pattern represents an air-dependent hierarchy of compliance within
the primary bronchi which effectively ‘locks’ air away from
the smaller airways. This would ultimately channel air from the
bronchi into the trachea and upper airways. The collapse of the
lungs and bronchi therefore might be categorized as occurring in
stages, with the first consisting of voiding of air from the alveoli
into the compliant bronchi, which compress but remain open
depending on the amount of air present. The contraction of
myoelastic sphincters or comparable structures within the terminal
bronchioles of many odontocetes could possibly further assist in
preventing backflow of air into regions of gas exchange at this
stage (Costa, 2007; Piscitelli et al., 2013). The next stage would
represent voiding of air from the bronchi themselves through an
ordered caudal to cranial collapse. The complete collapse of
common dolphin bronchial volume to nearly 0 ml in both full
and half lung volume treatments represents an almost complete
isolation of the lungs and bronchi from air. The compliant bronchi
in the common dolphin, while risking initial delay of air voiding,
may actually represent an advantage for deeper diving as a result of
a calibrated collapse response dependent on the total air volume
voiding the lungs. This may result in the formation of a lock
preventing backflow of pressurized air towards the surfaces of gas
exchange and channeling air upwards into the short trachea
and upper airways, where it may be used for sound production at
depth. Historically, a variety of contrasting hypothesized functions
related to air backflow and management have been assigned to
the myoelastic sphincters, ranging from controlled alveolar air
sequestration to prevention of backflow towards the alveoli (Costa,
2007; Fiebiger, 1916; Pabst et al., 1999; Piscitelli et al., 2013;
Wislocki, 1929).
The adaptive significance of a short cervical length in obligate
aquatic mammals has generally been attributed to the need for
greater cervical stability while swimming, which is conducive to
hydrodynamic form (Buchholtz, 2001). It could be speculated on
the basis of our observations, however, that the reduced cervical and
hence tracheal length of odontocetes also represents a fine-tuned
adaptation for efficient movement of dive-compressed pulmonary
air in the upper respiratory tract for echolocation. Assessment of a
wide range of mammals has indicated that trachea length is roughly
proportional to body mass0.27 (Tenney and Bartlett, 1967), but a
range of aquatic mammals have not been similarly assessed in this
manner. Further studies comparing tracheal length in echolocating
and non-echolocating obligate aquatic mammals may lend further
insight into this question.
In contrast to odontocete cetaceans, pinnipeds are not known to
employ sound production underwater for echolocation, although
submerged vocalizations have been recorded for various species
(Schevill et al., 1963). This indicates a difference in air management
between cetaceans and pinnipeds, with less need for shunting of air
within the upper airways of pinnipeds. Pinniped tracheal structure is
not only longer but also notably more diverse in species-specific
morphology when compared with that of cetaceans. In some
species, this consists of varying tracheal ring morphology
throughout the range of the tracheal length. For example, harbor
seal tracheal structure consists of complete cartilaginous rings
cranially, discontinuous rings with overlapping edges (‘slip’) and a
gap filled with soft tissue in the midsection, and rings with a slip
only caudally (Fig. 1B) (Moore et al., 2014). Similarly, gray seal
tracheas are composed of complete tracheal rings in the cranial
section, and discontinuous tracheal rings with a slip in the middle
and caudal sections. In contrast to these two species, the harp seal
trachea features discontinuous tracheal rings with a slip throughout
its entire length (Moore et al., 2014). Ross seals (Ommatophoca
rossi), northern elephant seals and Weddell seals have highly
incomplete or horseshoe-shaped tracheal rings resulting in a
comparatively flattened and compliant tracheal lumen (Kooyman
and Andersen, 1969; Moore et al., 2014). Pinniped tracheal
compliance may therefore vary depending on the region of the
trachea as well as the species. In gray and harbor seals, the excised
trachea consists of a less compliant cranial section and a more
compliant caudal section, while the harp seal trachea is relatively
compliant throughout its length (Moore et al., 2014). Therefore, the
measured caudal tracheal samples of this study represent the more
compliant portions of the trachea in the gray and harbor seals.
The pinniped airway measurements in this study provide the
advantage of comparing bronchial measurements with those of
tracheal segments from the same specimen. It is worth noting the
relatively shallow percentage decrease in tracheal volume compared
with bronchial volume in the gray and harbor seals. The 0–50 m
treatments of both may indicate that the tracheal segments are less
compliant than the bronchial sections. This indication is
contradicted by the harp seal tracheal segment, which
demonstrated a steep percentage decrease ultimately greater than
that of the left bronchus. Regardless of any compliance differential
between trachea and bronchi, all tracheal segments demonstrated
measurable decreases in volume. In similar form to the bronchi of
the common dolphin, this may represent a hierarchy of compliance
which directs the air cranially. Alveolar collapse would lead to air
entering the bronchi, which would ultimately channel to the trachea.
The trachea, while not necessarily forming a complete lock, would
collapse in whole or in part at its caudal extent, encouraging the air
to flow towards the head. Caudal to cranial collapse patterns of this
kind may require only minor differences in compliance between the
components; Denison and Kooyman (1973) calculated that
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the airways theoretically require compliance only five times that of
the alveoli to facilitate efficient alveolar collapse. These changes
represent isolation of air as far away from the regions of gas
exchange as possible and further protection from backflow at depth.
In the case of Ross and Weddell seals, which are known for
prominent seasonal calls (Thomas and Kuechle, 1982; Watkins and
Ray, 1985), this cranially sequestered air also may represent a
critical functional component of submerged vocalization.
Of the pinnipeds, the harbor seal was the only species that
exhibited near-complete collapse of both the tracheal and the
bronchial sections at the maximum depth simulation (ca. 100 m.)
Harbor seals may dive to mean depths of 12–40 m (Moore et al.,
2009), and gray seals dive to mean depths of 48–51 m (Beck et al.,
2000; Moore et al., 2009); on average, they are relatively shallow
divers. Occasional very deep dives exceeding 400 m have been
recorded for harbor seals (Eguchi and Harvey, 2005). Harp seals
demonstrate mean diving depths of 89–106 m (Folkow et al., 2004;
Lydersen and Kovacs, 1993), indicating somewhat deeper average
diving abilities than those of harbor or gray seals. As the gray seal
was pressurized to a simulated maximum depth of ca. 50 m, it is
unfortunately impossible to make direct comparisons between the
maximum depth compression dynamics of the gray and harbor
seals. Furthermore, the harp seal represents the only full inflation
pinniped treatment according to the measured TLCtt, which raises
the question of whether the maintenance of open airways at the
maximum depth simulation (ca. 100 m) was due to the compliance
characteristics of the airways or merely due to the larger amount of
air in the airways. Interestingly, very deep diving pinniped species
such as the Northern elephant seal, Ross seal and Weddell seal also
have a highly compliant tracheal structure, the exact opposite of the
stiffer airway structure of deep diving cetaceans (Kooyman and
Andersen, 1969; Moore et al., 2014). Future studies may assist in
further resolution of the function of these differentials in airway
compliance observed between deep and shallow diving marine
mammals.
This study represents the first volume quantified study of the
bronchi of cetaceans and trachea and bronchi of pinnipeds under
simulated diving pressures. All of the airways, far from behaving as
perfectly rigid pipes, respond to pressure as compliant tubes to
varying degrees. This study also demonstrates the ability of airways
to return to an open luminal position, and the potential role of airway
air content in compression dynamics. Taken as a whole, these
findings from cadavers support previous studies indicating that a
living marine mammal, whether a pinniped or cetacean, experiences
a certain degree of tracheobronchial collapse during diving. The
consequent delayed voiding of air from the lungs will result in
alveolar collapse at deeper depths than that expected with rigid
airway models. The theoretical physiological consequence would
be an increased movement of pressurized gas into the bloodstream
and vital organs under higher pressure (Kooyman et al., 1972;
Moore et al., 2011). This would increase the likelihood of N2 gas
bubble emboli formation upon decompression, which is directly
associated with the pathophysiology of decompression sickness
(Fahlman, 2017; Francis and Mitchell, 2004).
Throughout mammalian physiology research, Scholander’s
concept of the shunt via compression has been the centrally held
tenet of marine mammal avoidance of gas emboli formation and
decompression sickness. However, development of a complete
shunt may not be the only mechanism that prevents the pressurized
N2 gas exchange responsible for decompression sickness. It has
been suggested that a selective control of cardiac output and lung
perfusion may result in a ventilation–perfusion mis-match favorable
to O2 and CO2 exchange, but not N2 (Garcia Párraga et al., 2018).
Such a physiological mechanism, if verified, would greatly reduce
the importance of rapid lung collapse and complete shunt formation
in the avoidance of decompression sickness. Further studies related
to this work would include full-length seal tracheal measurements
under pressure and cetacean tracheal measurements. The use of live
animals in similar studies is wrought with many possible ethical and
logistical challenges, but if such studies could be ethically
accomplished, they would represent a significant step forward in
our understanding of respiratory physiology at depth.
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